A β-ray detecting nuclear quadrupole resonance system has been developed at NSCL/MSU to measure ground-state electric quadrupole moments of short-lived nuclei produced as fast rare isotope beams. This system enables quick and sequential application of multiple transition frequencies over a wide range. Fast switching between variable capacitors in resonance circuits ensures sufficient power delivery to the coil in the β-ray detecting nuclear magnetic resonance technique. The fast switching technique enhances detection efficiency of resonance signals and is espe-
Introduction
Electromagnetic-nuclear moments are one of the most important fundamental properties of a nucleus and provide key information on nuclear structure. The electromagnetic moments are one-body operators acting on a single nuclear state and are very sensitive to the wave function of a specific nuclear state.
They are complementary to transition moments, which are two body operators acting on two different nuclear states.
Recent developments in the production of nuclear spin polarization as well as in the production of radioactive-nuclear beams have made it possible to perform studies on nuclear moments away from the stability line in the nuclear chart. Fast rare isotope beams are considered here and the polarization is produced in projectile-fragmentation [1] or nucleon pick-up [2] reactions. Nuclear moments of such unstable nuclei, whose production rates become small as the nuclei move further from the stability line, are measured with the β-ray detecting Nuclear Magnetic Resonance (β-NMR) technique [3, 4] .
The β-NMR technique is a highly precise and sensitive technique and requires at least 10 3 spins to generate the NMR signal compared to greater than 10 spins in the conventional NMR technique. This is because the NMR signal in the β-NMR technique is obtained by detecting the radioactivity from the nucleus, namely from the asymmetric β-ray angular distribution from the decaying polarized nuclei. Therefore, the β-NMR technique is widely used in a variety of fields, for example, in research on nuclear structure [5, 6] , fundamental symmetries of the weak interaction [7] and condensed matter systems [8] .
Measurements of magnetic-dipole moments of unstable nuclei were successfully performed at National Superconducting Cyclotron Laboratory at Michigan
State University (NSCL/MSU) to study nuclear structure and charge symmetry of mirror nuclei [5, 6] . As a next step, electric quadrupole moment measurements are planned to determine nuclear charge distributions and provide information on the deformation of exotic nuclei. The challenge in the measurements of quadrupole moments is the small NMR signal scattered over a wide range of radio frequencies (RF) due to an electric-quadrupole interaction between the quadrupole moment of nucleus and the electric field gradient. A strong rotating magnetic field (H 1 ) needs to be applied for an efficient β-NMR measurement. The H 1 must be maintained over a wide range of transition frequencies and a short period of time. The latter requirement is established by the short-lived nature of the exotic nucleus of interest.
A β-ray detecting Nuclear Quadrupole Resonance (β-NQR) system has been developed at NSCL based on an existing β-NMR system [9] . The β-NQR technique [10] is a multiple RF NMR technique used to significantly enhance the small NMR signal. The potential of this technique was demonstrated, for example, in Ref. [11, 12] . The system is especially important for nuclei with low production rates, small polarization and/or large nuclear spin. The present system enables quick and sequential application of RF scattered over a wide range, with the capability to measure magnetic and quadrupole moments of short-lived radioisotopes produced through intermediate-energy reactions.
The electromagnetic interaction of magnetic and quadrupole moments with external fields is briefly reviewed in section 2. The principle of the β-NQR technique is discussed in section 3 and each component of the system is then detailed in section 4. The result of verification tests of the β-NQR system at NSCL is discussed in section 5.
Electromagnetic interaction
The hamiltonian of the electromagnetic interaction between nuclear moments and external fields [13] is given by
Here µ is the magnetic moment, H 0 is the external dipole-magnetic field, I
is the nuclear spin, Q is the quadrupole moment, I z is the third component of the spin operator and I ± are the raising and lowering operators. The biggest component of the electric field gradient is defined by q = V ZZ where V is the electrostatic potential and
The asymmetry parameter of the electric field gradient is defined as
An appropriate electric field gradient is provided by the internal field of a single crystal. The energy levels are given to first-order of the electric coupling constant eqQ/h as
where, for simplicity, the electric interaction is regarded as a perturbation to the main magnetic interaction. In Eq. (2), m is the magnetic quantum number, ν Q = 3eqQ/{2I(2I − 1)h} is a normalized electric coupling constant, and θ and φ are the Euler angles between the principal axes of the electric field gradient and the external dipole-magnetic field, respectively. The first term in Eq. (2) gives the 2I + 1 magnetic sublevels separated by a fixed energy value determined from the applied dipole-magnetic field and size of the nuclear g factor due to the magnetic interaction (Zeeman splitting). These sublevels are further shifted by the electric interaction and the energy spacing between adjacent sublevels is no longer constant. The 2I separate transition frequencies appear as
since the transition frequencies correspond to the energy difference between two adjacent energy levels (∆m = ±1) in Eq. (2) . Here ν L = gµ N H 0 /h is the Larmor frequency. The variation in the number and position of resonance frequencies between pure magnetic and both magnetic and electric interactions is schematically shown in Fig. 1 for the case of I = 3/2.
When the electric interaction can not be considered as a perturbation to the magnetic interaction, higher order terms of the electric interaction have to be considered.
β-NQR technique
The β-NQR technique [10] is an NMR technique used for short-lived β-decaying
nuclei. An asymmetric β-ray angular distribution from nuclear-spin polarized nuclei is utilized to obtain an NMR signal. The β-NQR measurement starts with the production of nuclear-spin polarized nuclei. The polarized nuclei are then implanted into a single crystal within a dipole magnet for the nuclei to be exposed to well-defined electromagnetic fields. The application of H 1 and further manipulation of nuclear spins induces a change in the asymmetric β-ray angular distribution from the polarized nuclei. The asymmetry change is detected as a function of applied RF to deduce the magnetic and/or quadrupole moment. Each of these steps is described in detail below for the specific application of β-NMR measurements with the fast switching NQR system at NSCL.
Projectile fragmentation or nucleon pick-up reactions are used to produce the nuclei of interest in a spin-polarized state. A few percent nuclear polarization is typically realized from these reactions [1, 2] . Generally, alignment and higher-order tensor polarizations may also be produced, depending on the experimental conditions and the nuclear spin. Since the β-NMR technique is sensitive to the polarization (and the odd rank of higher-order tensor polarizations), only polarization is discussed in this work for simplicity. The nuclear polarization P is defined by a linear distribution of populations in energy levels E m given in Eq. (2) The β-ray angular distribution from polarized nuclei is given by W (ϕ) ∼ 1 + AP cos ϕ where ϕ is the angle between the polarization direction and the direction of the decay β particle momentum, A is the asymmetry parameter and P is the initial polarization produced in the nuclear reaction as defined earlier. The NMR signal is obtained from a double ratio defined as
where off(on) stands for without(with) the RF applied. On resonance, [see Eq. It is noted that the β-NQR technique with zero external magnetic field [14] may be a powerful technique to enhance the efficiency of quadrupole moment measurements. At zero magnetic field, the number of resonance transitions is reduced due to the degeneracy between E ±m states, as seen in Eq. (2). The structure of the resonance spectrum becomes simpler than that obtained in the β-NQR technique with and external dipole-magnetic field. There is only one transition frequency in the special cases (I = 1, η = 0 or I = 3/2) for the measurement of quadrupole moment. However, multiple transition frequencies appear in general cases, where the present β-NQR system may play an essential role for reasons discussed in this paper.
4 β-NQR apparatus
Concept
Frequency modulation (FM) of each transition frequency is used to search a wide range of electric coupling constants for resonances. The wide FM is important especially during the initial search for resonances. The observed polarization after the irradiation time of H 1 is given by P = P 0 e −wt RF , where P 0 is the initial polarization, w is the transition probability between two magnetic sub-level populations and t RF is the RF time [13] . Here a long spin-lattice relaxation time is assumed. The applied width of the FM will determine the RF power, namely the required strength of H 1 , to efficiently destroy the initial polarization. The FM is defined by the modulating frequency ν FM and time
the frequency at time t is given by ν(t) = ν FM t + ν 0 with the initial frequency ν 0 . The transition probability is then approximated by
where γ is the gyro-magnetic ratio, g(ν) is the shape function of the reso- 
Capacitor
Variable vacuum capacitors provide broad tuning capability to different frequencies and have a high power tolerance. Six capacitors can be implemented in the system and Jennings models UCSXF1500, CVDD1000 and CMV1-4000 vacuum capacitors are used. The system has 2 of each of the three capacitors with maximum capacitances of 1500, 1000 and 4000 pF, respectively. Each capacitor can be independently selected by a relay switch to make the LCR circuit resonant with fixed L and R for a specific RF. Remotely-controlled stepper motors are used to tune the capacitors. Some of the variable capacitors can be replaced by fixed capacitor banks as shown in Fig. 3 when large capacitance (> 10000 pF) is required at lower RF. The minimum capacitance of the system is determined by a capacitance of the RF unit (∼ 270 pF), which restricts the highest tunable frequency of the system depending on L of the RF coil. Currently, the system can be tuned to frequencies from 450 kHz to 3
MHz with the L = 10.4 µH coil.
Relay switch
Fast-switching vacuum relays are employed to provide fast switching speed and fulfill high-voltage and current requirements at a several MHz load frequency. 
Timing control
Timing control within the system is accomplished by the REPIC model RPV-071, 32 channel output, VME pulse pattern generator with 65k/channel data memory. A bit pattern is loaded into the memory of the RPV-071 through the VME bus. The pattern is output-synchronized with an external clock signal.
Each output is used to trigger and/or gate devices. For example, the func- Based on the NMR signal (∼ 3%) in the 37 K in KBr measurement, the expected NMR signal in the quadrupole moment measurement would be ∼ 0.3% for each resonance frequency due to the quadrupole splitting. With the given NMR signal, it would take at least 2700 hours to obtain a nuclear quadrupole resonance spectrum with conventional β-NMR technique, based on the time (9 hours) used to obtain the 37 K in KBr spectrum shown in Fig. 7 . Here it is assumed that the same level of figure of merit is achieved as the 37 K in KBr.
The figure of merit is defined by (R − 1) 2 Y (obtained signal squared times counting rate). The use of the β-NQR system is essential to perform a reliable and efficient measurement with the full NMR signal. nique. It is noted that the 32 hours includes the time needed to search for the resonance and thus is longer than the naive prediction (9 hours) given above.
Summary
A fast switching β-NQR system has been developed at NSCL based on an ex- Fixed capacitor banks can be included to broaden the range of RF applicability.
The unit is mounted in a standard 19" rack. 
